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KT5IWHTUZ"2KoCF]KoC¡dKJkyVdzlVdip °bhZ^ioK
FHbKJhKJ`J,ZUFHVhZ"k]KJkHW2oip]zZUFHVhZ5Vo[b?IHijpHVhZ^ijb?pbd®pHb?pYWHp2oZ^ijb?p2VdgHnH`Ub?nKJ`UZ^ijKJTiT`UK[K `Ub?I ipHo[b?IMnHV
ZUijHigjiZUiKTkHblKTap]b?ZaiIMn]g\(ZUF2VdZa KSbl]ZUVhijp8Vk]KJTo[`UijnHZ^ijb?pMbd7F]b ZUbVhoJob?IMn]gjiTUFMZF]K°o[b?IHijpHVhZ^ijb?p
EFHijTiTSVhpHbhZUFHKJ` ijTTW]KZUFHVhZgijKJTblW]Zbd5ZUF]KZUb?n]io[TkHijTo[WHTTUKJkijpZUFHijTSn2VhnKJ`J
EF]KSn2`^b]oKkHWH`UKk]KJTo[`UijKJkMV?2b?K iT5ijZ^KJ`VdZUi?K[gj\KJIMn]gjb\hKkyW2p?ZUigZUF]KSnbhiplZ"SF]KJ`UKZUFHKSk]KJTUizlp]KJ`
bl]ZUVhijp2TVhpK[gVhb?`VdZUKJkT^bhZ V?`^KVh`oCF]ijZ^KoZUW2`^KZUF2VdZSk]KTUoJ`^i2KTzhgjb?2Vdgjg\8ZF]KVh`Uijb?WHTTUbdZVh`UKV?Te
nKJo[ZUTJEF]K ip?V?`^iVhplZ7ZFHVdZTUF]blW]gk2K hK`^i2KkijpVhgglijZ^KJ`VdZUiblpTUZ^KJn2T[,iTZFHVdZZUF]K T^KJZbh2ob?p2T^Z`UVhijplZUT
 > "!
L?L
TF]blW]gjk `UKJIMVhijpBoblF]KJ`UKJplZJ2i> K? ZF]KJ`UKV?`^Kp]bob?p 2ijo[Z^ip]zo[b?pHTUZU`VdiplZUTipBZUF]KyVh`UiblWHTSTUbdZVh`UKV?Te
nKJo[ZUTJ"¥4V?pipHoblIMnHVdZUij]ijgjiZ\iTk]K[ZUKJo[Z^KJkkHWH`Uip]zT^blIyKOijZ^KJ`VdZUiblpYZUF]KpZUF]Kk]KT^ijz?p]K` ijToJVdgjgKk8Z^b
oCFHblblT^KV?p]bhZF]KJ`mVdgjZ^KJ`pHVhZ^ijhKbdanb?TT^i]gjK`^K[p]KIyKplZ[¥ep ZUFHKo[V?T^KSF]K`^KijpHo[b?IMnHVhZ^i]igjijZ^ijKJTm`VdiTUK
bl`aVhgg.VdgjZ^K`UpHVhZ^ijhKS`UKpHKJI(KJplZUT `UK[zhiTUZ^KJ`UKJk(ipZUFHKOo[gjV?TUTUi®o[VdZUiblpMTUoCF]KIMVHlZUF]KOk]KJTUizlp]KJ`FHVhTaZ^b(k]K
o[ijkHKSK[ijZUF]K`$ZUb`^KI(bhKSTUb?I(KbdZUFHK°oblpHTUZU`Vdip?ZT$`UK[gVdZ^Kk(Z^bb?ZUF]K`aTUbdZVh`UKV?TUnKJo[ZUTJ?bl`"Z^bKXHnHVhp2k
ZF]KogVhTTUioJVdZUiblpToCF]KJIMV(?\ijplZ`^b]kHWHo[ijpHzMpHK[ `UK®p]KJI(KJplZTbd5ZUF]KnH`Ub?HgKI(VhZ^ionH`^bln2K`^Z\?
¥epZF]K8zhKp]KJ`Vdg"oJVhTUKh KKXHnKJo[ZZUFHVhZZUFHK8`^K[p]KJI(Kp?ZbdT^bhZ V?`^KMVhTn2KoZTigjgKk]blp]Kip
n2Vh`VdgjgKJgaVhpHkFHKJpHo[Kh5ijpZF]KoJVhTUKbdipHoblI(n2VdZ^i]ijgijZ^ijKJTJ5ZUF]Kk]KJTUizlp]KJ`igjg F2V,hK8I(b?`UKZUFHV?pb?p]K
oCFHbhioKablpSFHVhZ`UK®p]KJI(KJplZZ^boCFHVhpHzhKh¯5izlWH`^K = ijgjgjWHTUZU`VdZUKJTz?`Vhn2F]ijoJVdgjg\OZUFHK ijZ^K`UVhZ^ijhK `^K[p]KJI(Kp?Z
n2`^b]oKTUTJ(£;F]KJpVdgjg$TUbdZVh`UK(nH`Ub?nKJ`UZ^ijKJTV?`^K`UKp]KkipnHVh`VdgjgKJg*ZUF]K`^KIW2T^ZK8T^blI(K(nH`Uijb?`UiZ\
ZFHVdZijgjg7k]KpHKSF]ijoCFBTUbdZVh`UK°V?TUnKJo[ZUTVh`UKI(b?TUZTUijz?p]io[V?plZV?pHkF]KJpHo[KTUFHb?W]gkKZUFHKgjV?T^ZZ^b
oCF2Vhp]z?Kh :°ZUF]K`^iT^K?ZF]KMk]KJTUizlp]KJ`°ijgg"K(o[b?pY`Ub?plZ^KkBiZFVgjV?`^z?KVh`UiKJZ\bhoCF]b?ijo[KJT°iZF]b?W]Z
V?pl\8ijp2k]ijoJVdZUiblpblpSF]ioCFBTUFHb?W]gkKnH`UKK`U`UKJk
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More refinement
¯5ijz?WH`UK = <5EF]KijZ^KJ`VdZUi?K`^K[p]KJI(Kp?Z$n2`^b]oKTUT5ZFHVdZagKVhkHT5ZUbZUF]KSKJgjV?2bl`UVhZ^KkyTUbdZVh`UK V?`UoCFHiZUKJoZWH`UK
kHKJTo[`Uijn]ZUiblp
    8 	 
EbBk]KJI(b?p2T^Z`UVhZ^KyFHbqZUF]KMk]KT^ijz?p]K`mbln2K`UVhZ^KTmipZF]K(,V?`^ijb?W2T°TUbdZVh`UKyk]KJhKJgblnHI(KJplZ°TUZUVhzhKJTJ.K
o[b?pHTUik]KJ`ZF]KK[XHVhIMn]gjK8bdSVB2gjKTU\]T^ZUKJIbYoJWHTUijp]zvnH`^iIMVh`Uigj\b?pZUFHKTn2Koio[VhZ^ijb?pbdSZF]K8V?W]gZ
>?>A@CB
DD,EF
L =
ZUbhgjKJ`VhpHo[KynH`Ub?nKJ`UZ^ijKJTJEF]K(`T^ZOZ bTUZUVdz?KJTOTUFHb?W]gkvkHKp]K(SFHVhZOV?`^K(ZUF]KTUZUVhZ^K(ZUFHVhZOTF]b?WHgjk2K
`UKJV?oCF]KJkVZ^K`5VVdijgWH`^K b]o[oJWH`U`UKJp2oKV?pHkSF2VdZ5Vh`UKZF]K nKJ`I(ijTTUij]gjK ijplZ^K`UI(Kk]ijVhZ^KT^ZVdZUKJTJi* KhSFHVdZ
TF]blW]gjk2Kk]b?pHK°Vhp2kSFHVdZ TUFHb?W]gk8KOnH`UK[?KJplZ^Kk¥4KJ``^blp]K[blWHT$kHVhZUVyo[VhW2T^Kk?\MZF]KmVhigWH`UK°IyWHT^Z
KK[gjijI(ipHVdZUKJk$ZF]KBk]KJTUizlp]KJ`(IMV,\TUnKJo[i\ZFHVdZMVZUKJ`yZUF]KVdijgWH`^KZUF]KBTU\YTUZ^KI`^KVhoCF]KTVvT^ZVdZ^K
ZFHVdZyijT(VTWHHTUK[ZybdmTUb?I(KTUZUVhZ^Kn2`^KoKJkHijp]zZUF]KVdijgjW2`^K?5V?pHk KJo[b?I(KI(b?`UKnH`UKJo[ijTUKl\T^ZVdZUijp]z
ZFHVdZ°ZUF]iTT^ZVdZUKyTF]b?W]gk¢K(`UKJV?oCF]KJk l\ `UKJI(bYijp]zZUF]KyKJ``^blp]K[blWHTSkHVhZUVH.bl`ml\ `^K[>ip]ijZ^iVdgji'&Jijp]zZUF]K
gKo[b?plZ^KplZUTJSEF]KyV?oZ^ijb?p2TSZUF2VdZSgjKJV?kBZUF]K2gK(T^\]TUZ^KI
VdZ^KJ`°VMVdijgWH`^KyZ^bVT^ZVdZ^KSF]KJ`UKZUFHK2gjKJT
V ®KoZUKJkBl\VyVdijgjW2`^KV?`^KipHVhoJoKJTTUij]gjKh] b?WHgjkBobl`U`UKJTnb?pHkZ^b8V`UKeceKJo[Z^ijb?pbd5ijIMnb?`UZ^ip]z8`UKJ¤YW]KJTUZUT
`UKK`U`Uip]zyZUbMb?nKJ`VdZ^ijb?p2TblpZUF]KT^KO2gjKJTJ
EbKX]KI(nHgi\yZF]K°WHZ^ijgijZ\ybhZUF]Kbl`UIMVhgk]b]o[W2IyKplZUVdZUiblp(bd.VdijgjW2`^KmTUKJIMV?p?ZUijoJT[?gKJZaWHTob?p2T^ik]KJ`
ZF]KaoJVhTUK"bd]V 2gKT^\]TUZ^KJI nH`UbYijk]ip]zb?pHg\°ZUF]K$bln2K`UVhZ^ijb?p 0+   	*	 ,,	ZUFHVhZn]gVhoKTipHW .KJ` ,	®ZUF]K
o[b?plZ^KplZUT"bh.ZF]KSgK 	 ­ `T^ZaV?`UoCFHiZUKJoZWH`VdgHk]KTUoJ`^in]Z^ijb?pMbhZUF]KmTU\]T^ZUKJI TaTUZU`WHoZWH`^KSIMV,\MoblpHT^iTUZ
bhZ bob?IMnb?p]KplZUTJH`^KnH`^KT^KplZ^ip]zZF]KogjiKplZV?pHkZUF]KTUKJ`UhK`bhZF]K2gjKTU\]T^ZUKJIHiplZ^KJ`oblpHp]KoZ^Kk
l\V¢oblpHp]KoZ^bl`KJIMn]gjb\YijpHz¢VhpPS_  o[b?IMIW2p]ijoJVdZUiblpn2`^b?Z^b]ob?g* Eb¢TUVhZ^iTe\oK`^ZVdip`^KJgiVh]ijgjiZ\
o[b?pHTUZU`VdiplZUT°iZF`^KTUnKJo[ZOZUb ogjiKp?ZV?o[oKTUTUKJTOZUbgKT[7 KFHV,hK(Z^bBK[X]n2`^KTUTOZUFHb?TUKMo[b?pHTUZU`VdiplZUTOip
ZF]Kmk]KTUoJ`^in]ZUiblpybh®ZF]KmV?`UoCF]ijZ^KoZWH`UVhg]KJplZ^ijZ^ijKJT$ZUFHVhZ$ijplZUKJ`VhoZ"ijZUFMZF]KSblp]KS`^KnH`UKJTUKJplZ^ip]zZUF]K°ogjiKp?Z
*i* Kh ZF]K¢oblI(nb?pHKJplZ`^KnH`^KT^KplZ^ip]zvZF]K T^K`^?KJ`MVhp2k ZF]K¢oblpHp]KJo[Z^bl`(HijpHkHijp]zZF]K¢ogjiKplZ(ZUbZUF]K
TUKJ`UhK`C£KmVhTTWHI(KZUFHVhZ$ZUF]K°k]KJTUizlp]KJ`5iTF]KJT"ZUbHW]ijgkMZUF]KmTU\]T^ZUKJI ijpTWHoCFVV,\ZUFHVhZaVOVdijgWH`^K
 b?WHgjk p]K[ijZUF]K`MnH`^KJhKp?Z(ZUFHKo[gijKJplZ(`^blI`^KVhoCF]ip]zVvo[b?``^KoZyTUZUVhZ^K?ap]b?`Mk]KJz?`Vhk]KZUF]KBTU\YTUZ^KI T
W2pHoZUiblpHVdgjiZ\ K? zl\`^KpHk]K`^ip]zBijp2Vho[o[KJTT^i]gjKZUF]K 0+ bln2K`UVhZ^ijb?p C OT^ip]z ZF]KTn2Koio[VhZ^ijb?pHT
z?i?KJpijpBEVh]gjKMLh]ZUFHKVb?`UKJI(Kp?ZUiblp]KJkoblpHT^Z`UVhijplZobl`U`UKJTn2blpHkHTZ^bMZUFHK  +.- ' 4+#+, 7`^K[p]KJI(Kp?Z
bhZF]K  +    VdijgjW2`^KTUKJIMVhplZ^io[TJ
°bhZ^ioKZFHVdZ"ZF]K  +.-   +,#+ 2o[b?pHTUZU`VdiplZ5kHblKT"p]bhZ$F2V,hKVhpl\iIMnHVho[Zblp(ZUF]Kzl`UV?nHF]io[Vdg]`UKJnH`UK
TUKJplZVdZ^ijb?pbd5ZUFHKT^\]TUZ^KJI TSVh`oCF]ijZ^KoZUW2`^K?HVhTzhijhKpipBZUFHKWHnHnKJ`^4nHV?`^Zbh¯5ijz?WH`UKsH$EF]K`^K[b?`J]K
pHK[KJk8Z^bM`^K[p]KmZF]Kob?p2T^Z`UVhijplZ$ip8bl`Uk]K`"bl`aZF]KmV?W]gjZZUbhgjKJ`VhpHo[KmnH`Ub?nKJ`UZ^ijKJTZ^byV?nHnKJVh`ip8ZUFHK°zl`UVd
n2F]ijoJVdg5Vh`oCF]ijZ^KJo[ZUWH`UK`UKJnH`UKJTUKJplZVdZ^ijb?p7 :°ZUFHKJ`UijTUKh®iZOiT°p]b?ZOnb?TTUij]gjKZUbV?TUTUizlpBZUF]KyWHpHo[Z^ijb?pHVhgijZ\
`UK[gVdZUKJkZ^bVhW]gjZZ^b?gK`UV?pHoK(nH`Ub?nKJ`UZ^ijKJTJ7Z^bBoblpHo[`UK[ZUKMV?`UoCFHiZUKJoZWH`VdgKJplZ^ijZ^ijKJTJVhp2kvF]KpHoKMZUbBI(b?K
ZUb V?`Uk2T$VI(b?`UKmKJgjV?2bl`UVhZ^KkVhpHk8o[b?pHoJ`^KJZ^KOk]KJTo[`UijnHZ^ijb?pHTabd7ZUFHKm2gjKT^\]TUZ^KJI :Op]KOn2blTUTUijHgKO`^K[p]K
I(Kp?Z o[V?p82KOVhoCF]ijK[?KJkl\TUnKJo[i\Yip]zZFHVdZ ZUFHK°TUKJ`UhKJ`aob?IMnb?p]KplZk]KTUoJ`^i2Kk8VhbhKmijT Vho[ZUWHVhggj\(V
TUK[Zabd`UKJn]gjijoJVhT"bhZUF]Km2gKOT^K`^?KJ`JhVhp2kMZUFHVhZaZUFHK°oblpHp]KoZ^bl`$WHTUKJkMbl`$ZF]KmoblIMIWHp]io[VhZ^ijb?pK[Z K[Kp
ZF]KogjiKplZSVhpHkZUF]KTUKJ`UhK`k]iWHT^KTSVMogjiKplZ`UKJ¤YW]KT^ZVhTVMH`Ub?V?kHo[V?T^ZZ^bMZUFHKz?`Ub?WHnbdgKTUKJ`UhKJ`TJ
£K o[V?p bl`UIMVdgjgj\TnKJoi\ ZF]KJTUKVhW]gjZZ^b?gK`UV?pHoKnH`^bln2K`^ZUiKT[ HVhTUKJk b?p ZUF]K V?HT^Z`UV?oZUiblpHTyW2T^Kk
ipZUF]K¥Ufl¥UfKJplYij`Ub?pHI(Kp?Z7 s84EF]KMbl`UIMVhg"KXHnH`UKJTT^ijb?pHTbh ZF]K¥Ufl¥UfV?HT^Z`UV?oZUiblpHTVh`UK(z?i?KJpip
EVhHgK = Hl\ZUF]KZFH`^KJKnH`^Kk]io[VdZUKJT  T 	 ( T  T 	 (®VhpHk   T 	 (¢ZFHVdZS`UKJnH`UKJTUKJplZ`^KTUnKJo[Z^ijhKJg\
ZF]K  #%H`Ub?V?kHo[V?T^ZSF]KJ`UKOI(KTUTVdz?KJTVh`UKOkHK[gji?KJ`UKJk8ipZUF]KZUFHKTVhI(Kb?`k]K`VhZVhgg7I(KIKJ`Tbh
VMzl`^blWHnZUF]K $*,2H`Ub?V?kHo[V?T^ZSF]K`^KoJVhWHTVdgjgj\`UK[gVdZ^KkBIyKTUTVdz?KJTV?`^Kk]KJgijhK`^KkBijpBZF]K[i`moJVhWHTVdg
bl`UkHKJ`JYV?pHk 0 -8H`^blVhkHoJVhTUZSFHKJ`UK°bl`Uk]ipHV?`^\8I(KJTTVdzhKTV?`^Kk]KJgijhK`^KkVhZ^b?I(io[Vhggj\8VhpHkI(KJTTUVhzhKT
ipHk]io[VhZ^ip]zZF]KSVhigWH`UKSbdVzl`^blWHnI(KJIy2K`aVh`UKmk]KJgijhK`^KkVZUKJ`$ZF]K°kHK[gji?KJ`U\bdVhg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Unit é de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
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